† Background and Aims Much of our understanding of the genetic control of meiosis has come from recent studies of model organisms, which have given us valuable insights into processes such as recombination and the synapsis of chromosomes. The challenge now is to determine to what extent these models are representative of other groups of organisms, and to what extent generalisations can be made as to how meiosis works. Through a comparative proteomic approach with Arabidopsis thaliana, this study describes the spatial and temporal expression of key structural and recombinogenic proteins of cereal rye (Secale cereale). † Methods Antibodies to two synaptonemal complex-associated proteins (Asy1 and Zyp1) and two recombinationrelated proteins (Spo11 and Rad51) of A. thaliana were bound to meiocytes throughout meiotic prophase of rye, and visualized using conventional fluorescence microscopy and confocal laser scanning microscopy. Western analysis was performed on proteins extracted from pooled prophase I anthers, as a prelude to more advanced proteomic investigations. † Key Results The four antibodies of A. thaliana reliably detected their epitopes in rye. The expression profile of Rad51 is consistent with its role in recombination. Asy1 protein is shown for the first time to cap the ends of bivalents. Western analysis reveals structural variants of the transverse filament protein Zyp1. † Conclusions Asy1 cores are assembled by elongation of early foci. The persistence of foci of Spo11 to late prophase does not fit the current model of molecular recombination. The putative structural variants of Zyp1 may indicate modification of the protein as bivalents are assembled.
INTRODUCTION
Our understanding of the genetic control of meiosis has come largely from the study of model organisms, most notably Saccharomyces cerevisiae. With unprecedented access to genes and proteins resulting from the completion of genome sequencing projects, together with the adoption of comparative genomic strategies, meiosis of the model plant Arabidopsis thaliana has now succumbed to closer scrutiny (Zickler and Kleckner, 1999; Anderson and Stack, 2002) . Many proteins controlling key events in meiosis have been identified and described in this organism, such as Asy1, Zyp1, Spo11, Rad51, Dmc1, Mlh1, Mlh3, Msh4, and Swi1 (Doutriaux et al., 1998; Jean et al., 1999; Grelon et al., 2001; Armstrong et al., 2002; Mercier et al., 2003; Higgins et al., 2004 Higgins et al., , 2005 Jackson et al., 2006) . Many of these proteins, particularly those involved in recombination, are highly conserved. So the challenge now is to determine to what extent meiotic events in other plant groups can be explained via knowledge transfer from A. thaliana, and to demonstrate functional equivalence or otherwise of orthologous proteins in a variety of plant species. This paper focuses upon our examination of the meiotic proteome of cereal rye (Secale cereale). Rye is a member of the Poaceae, which includes many major crop species, such as wheat, barley, maize, rice and the forage grasses. The molecular genetics of meiosis of members of this group is rather intractable, but comparative genomic and proteomic approaches in our study of rye have given us important insights into how meiosis works in this plant. Mikhailova et al. (2006) demonstrated that antibodies raised against two proteins (Asy1 and Zyp1) associated with the synaptonemal complex (SC) of A. thaliana reliably identified the orthologous proteins in rye. Furthermore, the antibody to Asy1 successfully bound its epitope in maize and barley as well, confirming the utility of the proteomic resources of A. thaliana in deciphering meiosis in Poaceae (Hamant et al., 2006) . Interestingly, the expression and organization of the Asy1 protein is different in rye and maize compared with A. thaliana. In the latter, Asy1 protein is loaded onto the entire lengths of chromosome axes during leptotene (Armstrong et al., 2002) . However, in rye the linear tracts of Asy1 are discontinuous at leptotene, and continue to load onto chromosome axes well into zygotene after the chromosomes have begun synapsis (Mikhailova et al., 2006) . By contrast, the Asy1 protein of maize (Hamant et al., 2006) and orthologous Pair2 protein of rice (Nonomura et al., 2004 (Nonomura et al., , 2006 load at leptotene in a similar manner to A. thaliana, but are removed from chromosome axes as synapsis proceeds (Hamant et al., 2006) . Zyp1 of A. thaliana is a transverse filament protein that loads between axial elements as chromosomes synapse (Higgins et al., 2005) , mirroring the construction of the central element of the SC with the orthologous Zip1 protein of S. cerevisiae (Sym et al., 1993; Dong and Roeder, 2000) . However, in rye long linear tracts of Zyp1 protein are pre-fabricated during leptotene, and are assembled into the mature tripartite structure during zygotene (Mikhailova et al., 2006) . These observations of Asy1 and Zyp1 in rye contrast with the traditional models of SC assembly, and may reflect adaptations to the inordinately large genome size of this species. Members of Poaceae typically have significantly larger genomes than A. thaliana, and contain relatively large amounts of repetitive DNA (Devos et al., 1993; Devos and Gale, 2000; Moore, 2000; Alkhimova et al., 2004; Schulman et al., 2004; Varshney et al., 2004; Mikhailova et al., 2006) . Obese genomes may impose constraints upon meiosis that are not encountered by organisms with small genomes. Clearly, although the repertoire of proteins involved in meiosis may be similar in this group of cereals and grasses, their expression, function and interaction may be subtly different.
Orthologues of key recombinogenic proteins have also been identified in the cereals, such as Dmc1 of rice (Ding et al., 2001; Kathiresan et al., 2001 ) and Rad51 of maize (Franklin et al., 1999; Pawlowski et al., 2003) . This paper profiles the expression of Spo11 and Rad51 of rye, using antibodies raised against their orthologues of A. thaliana. It also highlights the latest data from both the immunolocalization of Asy1 and Zyp1, and a 2D western analysis of the Zyp1 protein as a pilot study for more advanced proteomics.
MATERIALS AND METHODS

Plant material
Spring variety 'Shkolnaya' and inbred populations of winter rye (Secale cereale L.; 2n ¼ 2x ¼ 14), segregating for mutations sy9 and sy10 were used in this study. The origins and growth conditions of these lines are detailed in Mikhailova et al. (2001) and Mikhailova et al. (2006) .
Immunocytology
Immunocytology was performed according to Mikhailova et al. (2006) , with the following modifications: sera containing anti-Spo11 and anti-Rad51 antibodies were raised in rabbit and diluted 1 : 150 with blocking buffer. The optimal concentration of each primary antibody was determined empirically. All appropriate controls using corresponding pre-immune sera at lower dilutions resulted in no non-specific binding to cells. The immunocytology of 3D nuclei is as described in Franklin et al. (1999) with the following modifications: two anthers from each rye floret were fixed separately and one anther from the same floret was used for determining the stage. Unlike in maize, 1Â Buffer A was substituted by fixative at the first stage of preparing the anthers for polyacrylamide embedding. Incubations with the primary antibody were performed as described in Mikhailova et al. (2006) . Fluorescence microscopy and confocal laser scanning microscopy were performed as described in Mikhailova et al. (2006) . Cells were also imaged using a Leica TCS SP5 confocal laser scanning microscope.
Protein extraction from meiocytes
Staged prophase I anthers were collected from spring rye and frozen in liquid nitrogen and ground to a fine powder. 200 mL of buffer G (7 M urea, 2 M thiourea, 2 % CHAPS, 2 % ASB14, 100 mM DTT, 0 . 5 % ampholytes pH range 3 -10, 40 mM Tris HCL, 0 . 002 % bromophenol blue) was added to the powdered anthers, along with a complete mini protease inhibitor tablet (Roche), and placed in a sonicating water bath for 40 s. The sample was ultracentrifuged at 100 000 g for 30 min at 4 8C. The supernatant containing semi-soluble and soluble proteins was collected and stored at -20 8C. An equal volume of ice-cold 20 % (w/v) trichloroacetic acid (TCA) in acetone was added to the sample and left for 1 h at -20 8C to precipitate the proteins in the sample. The sample was centrifuged at 9500 g for 15 min at 4 8C, returned to -208C for a further 10 min and centrifuged as before for 1 min. The supernatant was discarded and washed in an excess of ice-cold 100 % acetone; the sample was mixed and placed in an ultrasonic water bath for 30 s to dissociate the pellet. The sample was left for 20 min at -20 8C and centrifuged as above. A further two acetone washes were performed to remove all traces of the TCA and the remaining pellet of protein was kept at -20 8C until the final traces of acetone had evaporated. The pellet was re-suspended in 50 mL of buffer G and placed in a sonicating water bath until the protein pellet had dissociated. The sample was stored at -20 8C. Protein concentration was determined by the Bradford assay (Bradford, 1976) .
Protein separation on 2D gels
Two-dimensional gel electrophoresis was carried out according to the principal methods outlined by Gorg et al. (1988) . 7-cm non-linear pH 2-9 immobilized pH gradient (IPG) strips (BioRad) were rehydrated overnight at 20 8C with 125 mL of sample diluted with buffer G to 250 mg mL 21 . The strips were loaded into a Protean IEF system (BioRad) and focused under the following conditions: 100 V for 1 h, linear increase from 100 V to 4000 V over 2 h, holding step at 4000 V until 10 000 Vh was reached. The IPG strips were washed with equilibration buffer (6 M urea, 30 % glycerol, 2 % SDS, 0 . 002 % bromophenol blue in 1 . 5 M Tris -HCl pH 8 . 8) containing 1 % DTT for 15 min at 20 8C on a rocker, followed by a second identical wash, although the DTT was replaced with iodoacetamide (25 mg mL
21
). The second dimension was separated on a 12 . 5 % SDS -PAGE resolving gel overlaid with a 5 % stacking gel using a Protean Mini II kit (BioRad) according to manufacturer's instructions. Resulting gels were stained with Coomassie blue staining solution (0 . 25 % Coomassie blue, 50 % methanol, 10 % acetic acid) for 1 h with agitation. De-staining solution (40 % methanol, 10 % acetic acid) was applied and left until the desired level of staining was obtained.
Western analysis
Western analysis was based upon principles outlined by Towbin et al. (1979) . Gels were blotted onto Hybond-P membrane (Amersham Biosciences) according to the manufacturer's instructions. Membranes were incubated with blocking buffer [1Â TBS-Tween 20 (TBST), 1 % non-fat milk powder] with gentle agitation for 4 h. Primary antibodies to Zyp1 N and Zyp1C were diluted separately to 1 : 250 in blocking buffer and incubated with the membranes for 2 h. The membranes were washed 3 Â 5 min in 1Â TBST and incubated with a secondary antibody conjugated with alkaline phosphatase diluted to 1 : 20 000 in blocking buffer. After 3 Â 5 min washes in 1Â TBST the membranes were incubated with a 1 : 1 dilution of BCIP/ NBT (Roche):double distilled water. The reaction was stopped with several washes in sterile distilled water when the required level of staining was achieved. Gels and membranes were scanned using a GS-800 calibrated densitometer (BioRad).
RESULTS
Immunolocalization of key meiotic proteins in prophase I
The temporal and spatial expression of two structural proteins (Asy1 and Zyp1) and two recombinogenic proteins (Spo11 and Rad51) were tracked through meiotic prophase of rye using immunolocalization. At early leptotene, numerous foci of Asy1 protein are detectable in meiocytes (Fig. 1A) . As leptotene proceeds, densely packed linear tracts of Asy1 protein assemble, together with numerous foci of Spo11 protein (Fig. 1B) . Some of the latter are paired, whilst others are co-localized with Asy1 cores or are unattached in the nucleoplasm. Organized but less numerous Rad51 foci also appear at this stage, although their numbers may be underestimated due to the dense, diffuse labelling of the nucleoplasm (Fig. 1C) .
At the onset of zygotene, long linear tracts of Asy1 are maintained but at lower density (Fig. 1D) . Some of the cores are aligned at a distance, but more commonly they are closely associated. Numerous pairing forks are visible at this stage, reflecting the synapsis of homologues. Paired cores are surprisingly indistinguishable in structure from those that are unpaired. Fold-back loops are apparent at this stage, suggesting some degree of irregular nonhomologous alignment, although these structures could also be interpreted as closely aligned telomeres of homologues. The number of Rad51 foci increases initially as the meiocytes enter zygotene, then decreases as synapsis proceeds (Fig. 1E) . Conversely, the number of Spo11 foci reduces as zygotene proceeds, although there are still some present that co-localize with Asy1 or span the gap between closely aligned Asy1 cores (Fig. 1F) .
The numbers of foci of Spo11 and Rad51 (not shown) decline as the meiocytes enter pachytene (Fig. 1G) . Some Spo11 foci either co-localize or are closely aligned with Asy1 cores, whilst a substantial number are unattached in the nucleoplasm. By pachytene, Asy1 and Zyp1 are co-aligned (Fig. 1H) into the typical tripartite structure of the SC when viewed as high resolution projections of optical stacks (Fig. 1I) . The latter shows for the first time distinctive caps of Asy1 protein at the ends of the bivalents. Meiotic nuclei undisturbed by squashing confirm both the continuity of Asy1 cores at this stage, and reveal the structural relationship between this protein and the chromatin of the chromosomes (Fig. 1J) . At diplotene, the linear tracts of Asy1 are fragmented and there is some retention of Spo11 foci (Fig. 1K) . Some Asy1 and Zyp1 cores remain co-aligned at this stage, despite ongoing desynapsis (Fig. 1L, M) . By mid-diplotene, cores of Asy1 adopt a spiral conformation (Fig. 1 N) , before fragmenting and disappearing at late diakinesis (Fig. 1O ).
Western analysis of the Zyp1 protein
Proteins isolated from pooled, whole anthers at prophase I of spring rye were separated on a 7-cm 2D gel ( Fig. 2A) . Subsequent staining revealed 486 spots spread over the complete pI and molecular size ranges. All unstained proteins separated by 2D PAGE were transferred to two permeable PVDF membranes and probed separately with antibodies raised against the N and C termini of the Zyp1 protein of A. thaliana. The Zyp1C antibody identified two distinctive and well-defined spots next to each other at an approximate pI of 7 and an approximate molecular weight of 50 kDa (Fig. 2B) . The Zyp1 N antibody identified the same two spots as the Zyp1C antibody, and an additional 12 spots in a similar pI range of 6 -8 (Fig. 2C) . All of the additional spots have a higher molecular weight than the two spots detected by the Zyp1C antibody, ranging in molecular weight from 60-100 kDa. The Zyp1 N also detected a smear of protein in another region of the blot at an approximate pI of 9 and at an approximate molecular weight of 40 kDa. None of the spots detected by either of the antibodies are easy to locate on the Coomassie-stained gel, although the area detected by the Zyp1 N antibody at the high pI could be localized on the stained gel ( Fig. 2A) .
DISCUSSION
Analysis of structural proteins
Scrutiny of the temporal and spatial expression of Asy1 and Zyp1 of rye has revealed features in common with meiosis of other plant species, together with some notable differences peculiar to rye. Asy1 protein of A. thaliana (Armstrong et al., 2002) and its orthologue Pair2 of rice (Nonomura et al., 2004 (Nonomura et al., , 2006 appears at G2 of pre-meiotic interphase. Although it was not possible to time its appearance as precisely in rye, the abundance of foci at early leptotene clearly points to a similar initial expression profile. The paired nature of some Asy1 foci in rye is hitherto unreported in A. thaliana and rice, and its significance, if any, is unknown. The Asy1 protein is also excluded from the telomeric cluster at leptotene in A. thaliana (Armstrong et al., 2002) , but its significance has not been elaborated in either species. The transition from Asy1 foci at early leptotene to elongated cores of protein at late leptotene could be effected by one of two processes. Armstrong et al. (2002) have suggested that in A. thaliana the foci could coalesce to form cores, or alternatively the foci could themselves elongate by the accretion of additional protein. The former mechanism is unlikely in rye, since the number of foci detected is insufficient to assemble the long linear tracts of the protein seen at later stages.
Because of the continuity of Asy1 cores at zygotene in rye, it is highly likely that this protein in rye is assembled in close proximity to the axial elements, as has been shown in A. thaliana (Armstrong et al., 2002) and rice (Nonomura et al., 2004 (Nonomura et al., , 2006 . Therefore, the protein faithfully represents the axes of meiotic prophase chromosomes and can be used with confidence to track the behaviour and assembly of chromosomes. It is highly likely that alignment of Asy1 cores during zygotene represents axial associations (Zickler and Kleckner, 1999) or pre-meiotic pairing (Zickler, 2006) . The putative fold-back loops of Asy1 cores at zygotene may simply represent ectopic mis-pairing of the many repeat regions within the genome of rye. Alternatively, they may mark the aligned ends of homologous chromosomes. The latter is perhaps more likely given that bivalents are capped by Asy1 protein (Fig. 1I ). This observation also supports the assertion that the Asy1 protein is not a component of the lateral elements, since SCs terminate without a loop. It is our intention to investigate the structure of the ends of bivalents more thoroughly, by combining immunolocalization of Asy1 with in situ hybridization of telomeric arrays.
Simultaneous immunolocalization of Asy1 and Zyp1 proteins in rye has challenged the assumption as to how meiotic bivalents are assembled. In contrast to observations in other organisms, long linear tracts of the two proteins are formed before synapsis. Furthermore, when SCs dismantle at diplotene, and in the largely asynaptic mutant sy10 (Mikhailova et al., 2006) , Asy1 and Zyp1 cores are in close alignment. The inference is that SCs of rye are not formed and disassembled by simply laying down and removing Zyp1 protein between synapsed homologous chromosomes. Rather, the SC is formed by unpaired linear cores of pre-formed Zyp1 that are complexed with axial elements and interact to form the central element of the SC. Indeed, the Zyp1 protein of rye could justifiably be referred to as an axial/lateral element protein that forms the central element.
Analysis of recombinogenic proteins
The detection of Spo11 foci in nuclei that contain continuous cores of Asy1 protein is consistent with the role of the former in catalysing double-strand breaks to initiate recombination (Giroux et al., 1989; Keeney, 2001; Lichten, 2001; Mikhailova et al., 2006) . The only other report of immunolocalization of Spo11 is in mouse, in which it was suggested that foci of the protein at leptotene identify sites of early recombination nodules (Romanienko and Camerini-Otero, 2000) . Expression of Spo11 in A. thaliana may be much earlier than in rye (F. C. H. Franklin, Birmingham University, UK, pers. comm.).
Although we have not quantified relative numbers of foci, the indication is that Spo11 protein appears before Rad51. Numerous Rad51 foci were reported at leptotene in lily (Anderson et al., 1997) and early zygotene in maize after the bouquet had formed (Franklin et al., 1999) . As the bouquet forms earlier in rye at the onset of leptotene (Mikhailova et al., 2001) , it is possible that the appearance of Rad51 foci is coincident with the formation of the bouquet. The highest number of Spo11 foci in rye was detected at early zygotene, after which their numbers declined progressively. This has been attributed to the loss of structures containing Spo11 through genetic interference (Anderson and Stack, 2005) . In contrast, Rad51 foci increase from early zygotene, as has been seen in lily (Anderson et al., 1997) and maize (Franklin et al., 1999) . Pairs of Spo11 and pairs of Rad51 foci were often observed in rye. Franklin et al. (1999) reported pairs of the latter in maize, and offered two possible explanations. Firstly, they represent the sites of Rad51 connected by single-stranded DNA between two chromosomes. They suggest that the intervening space between the two foci may once have been occupied by a recombination nodule. However, this does not explain the function of single foci observed in rye. Secondly, they suggest that paired foci could represent the sites of double Holliday junctions. A few Spo11 foci remain associated with axes at pachytene, as seen in mouse (Romanienko and Camerini-Otero, 2000) and Sordaria (Tesse et al., 2003) . These are likely to mark the sites of late recombination nodules, although their numbers and the expected numbers of chiasmata were not correlated. Many unattached foci persist to this stage. These may represent redundant conglomerates of unloaded protein, or could be fulfilling an additional role beyond inducing double-strand breaks. Spo11 foci are seen as late as diplotene in rye, and in mouse (Romanienko and Camerini-Otero, 2000) . The persistence of Spo11 to this stage is inconsistent with models of double-strand break processing, which advocate the prompt and early removal of Spo11 by Mre11 (Keeney and Neale, 2006) .
Western analysis
Western analysis with Zyp1C and Zyp1 N antibodies detects the same two spots with an approximate pI of 7 and an approximate molecular weight of 50 KDa. This verifies that the antibodies are recognizing most probably the same proteins, with the same molecular weight but with two different forms. This observation is similar to that of Lammers et al. (1995) , who showed phosphorylation differences between the orthologous SCP3 protein of rat during meiosis. Two forms of the Zyp1 protein in rye are consistent with the identification of two Zyp1 proteins in A. thaliana (Higgins et al., 2005) . However, as in C. elegans (MacQueen et al., 2002; Colaiacovo et al., 2003) , the proteins identified in rye are about half the expected molecular weight of transverse filament proteins in other organisms, such as mammals, yeast, Drosophila, and A. thaliana (Meuwissen et al., 1992; Sym et al., 1993; Page and Hawley, 2001; Higgins et al., 2005) . Whilst there is little sequence homology between these other proteins, secondary structure is more conserved and the molecular weights are about the same. The reason for this discrepancy in size of the Zyp1 protein of rye is not known, but may be the result of significant divergence in structure of the protein, perhaps reflecting its alternative configuration in the central element of the SC.
Twelve additional spots are delimited by the Zyp1 N antibody, all with a molecular weight greater than that of the two proteins identified by the Zyp1C antibody. Whilst this could be due to non-specific binding of the antibody, it could also have biological significance. The difference in size could indicate a modification of the C terminus of the Zyp1 protein some time during meiosis. This conclusion is corroborated by preliminary fluorescent immunolocalization with the two Zyp1 antibodies. The Zyp1 N antibody identifies the monomers of the protein on unsynapsed axial elements during leptotene, whereas the Zyp1C does not. Both antibodies recognize their epitopes during zygotene. This may indicate a modification of the C terminus as meiosis proceeds. All of the spots detected by the Zyp1 N antibody are of a higher molecular weight than the two proteins detected by the Zyp1C antibody. This may indicate that the proteins at leptotene contain a motif that is lost as the monomers of the Zyp1 protein synapse. The cleavage of the Zyp1 protein may herald the activation of the protein by an unknown complex of proteins responsible for the synapsis of the single Zyp1 cores. This initial form of the protein may have evolved to allow the loading of the Zyp1 monomers onto the unsynapsed cores during leptotene, ensuring that synapsis does not occur between non-homologous chromosomes.
Other spots detected by the Zyp1 N antibody may represent different forms of the Zyp1 protein. It is possible that some of the spots at the higher molecular weight represent Zyp1 proteins that have not been organized along chromosome axes. It is feasible that some modification of the Zyp1 protein occurs as the single Zyp1 monomers are incorporated into the axial elements during leptotene. The fact that the Zyp1C antibody fails to detect the 12 additional spots identified by the Zyp1 N antibody does not necessarily indicate that the C terminus of the protein is absent. The result may inform us that the antibody cannot recognize the unactivated C terminus, as the antibody was raised against the active form of the protein.
Future prospects
The experiments described above demonstrate the utility of using the resources amassed in A. thaliana for dissecting meiosis in a distantly related cereal. The work has highlighted common elements of structure and control, but has also revealed surprising differences in a process that is supposedly well understood. The study emphasizes the importance of investigating meiosis on a case-by-case basis, and to be careful in making generalizations. The need now is to use all technologies at our disposal to probe meiosis further, and to build up an inventory of meiotic genes and proteins. We may then be in a position to decipher the complex interactions of meiosis, and to understand its systems' biology.
